ABSTRACT: Five crude oil samples with different physical properties have been studied with respect to asphaltene stability. The attenuated total reflectionFourier transform infrared (ATR-FTIR) spectroscopic imaging approach of n-heptane-induced precipitation has been used to monitor crude oil behaviour under dilution with a flocculation agent. For each sample, the dynamics of asphaltene precipitation has been observed by applying this chemical imaging method. Based on these data, the stability of crude oil samples has been compared and the correlation between asphaltene stability and crude oil properties has been proposed.
INTRODUCTION
Asphaltenes are a hydrocarbon fraction of petroleum fluids. They are soluble in aromatic solvents, benzene or toluene, and insoluble in n-alkanes, pentane or heptane (Mitchell and Speight 1984) . The main component of asphaltenes is condensed aromatic and naphthenic rings that could also contain one to three atoms of sulphur, oxygen or nitrogen per molecule (Speight 1999) . The heteroatoms are supposed to be incorporated in an asphaltene molecule in the following forms: pyridine and pyrrole for nitrogen; thiophene, sulphide, disulphide and sulphoxide for sulphur; carboxylic acid, ketone, ether and ester for oxygen (Artok et al. 1999; Acevedo et al. 2007; Pomerantz et al. 2013) . To present the molecular architecture of asphaltenes, two models, referred to as archipelago (Murgich et al. 1999; Sheremata et al. 2004; Karimi et al. 2011) and island (Groenzin and Mullins 2000; Mullins 2010 Mullins , 2011 Sabbah et al. 2011) , have been proposed. Recent studies have revealed that the island-like structure is the predominant and most stable architecture for asphaltenes (Hsu et al. 2011; Mullins 2011; Mullins et al. 2012; Sabbah et al. 2011 Sabbah et al. , 2012 Majumdar et al. 2013) . In terms of this model, an asphaltene molecule consists of one system of condensed aromatic rings with alkyl substitutes, which is in good accordance with the relatively low average molecular weight of asphaltenes (Groenzin and Mullins 1999, 2000) .
Asphaltenes have a drastic impact on crude oil fouling. The precipitation and deposition of asphaltenes cause significant problems in the petroleum industry, such as increased energy consumption and maintenance costs or complete loss of production (Macchietto et al. 2011) . However, the behaviour of asphaltenes under operational conditions and the correlation between stability of asphaltenes and crude oil composition are not fully understood yet.
Several oil samples have been studied in terms of pressure-induced asphaltene precipitation (Hirschberg et al. 1984; Avila et al. 2001) . A correlation between the content of saturated hydrocarbons and the stability of asphaltenes has been found. Thus, crude oils with high concentration of saturated hydrocarbons and low concentration of aromatics and resins have the greater probability of asphaltene precipitation than petroleum fluids with the high content of unsaturated fractions. It should be noted that the main compositional difference between the most and least stable oils studied is the content of resins (Avila et al. 2001) . Therefore, it is reasonable to suppose the effect of resins on stability asphaltene according to the Nellensteyn model (the colloidal model), which proposes that resins are adsorbed onto asphaltenes and form a stabilizing layer (Nellensteyn 1938) . However, a recent study has shown that resins unlikely coat asphaltene nanoaggregates in organic solutions (Sedghi and Goual 2009) . Therefore, a new model, referred to as the modified Yen model or the Yen-Mullins model, can be used to describe asphaltene properties and aggregation behaviour in crude oil (Mullins 2010 (Mullins , 2011 Mullins et al. 2012) . Wang and Buckley (2003) have experimentally proven that resins have noticeable effect on the stability of asphaltenes. However, this effect cannot be explained only by changes in the increased solubility of asphaltenes. The influence of wax on asphaltene stability has also been supposed. Dissolution of wax due to addition of toluene was assumed to possibly increase the solubility of asphaltenes in crude oil. This proposition could be supported by the fact that the higher the number of carbon atoms in n-alkane flocculant, the lower the amount of asphaltenes precipitated, with the nature of asphaltenes otherwise being very similar (Sahimi et al. 1997; Wang and Buckley 2003) .
Thus, it is apparent that asphaltene stability does depend on composition of petroleum fluids. Therefore, more experimental data about asphaltene precipitation from various crude oils are required to better understand the correlation between probable asphaltene precipitation or instability and overall oil composition. This correlation could be a key point for developing safer operational conditions and preventive measures for petroleum industry.
The tendency of asphaltenes to precipitate in the presence of n-heptane is widely used for studying crude oil stability under different conditions, for example, dilution or blending, temperature or pressure changes (Mullins et al. 2007) . Recently, a new approach based on attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopic imaging has been developed and applied for in situ monitoring and chemical analysis of n-heptane-induced asphaltene precipitation from Tatarstan crude oil (Gabrienko et al. 2014) . It is well recognized that ATR-FTIR spectroscopic imaging is a powerful and versatile tool for revealing valuable information about various systems. The idea to use ATR-FTIR spectroscopic imaging, which is a chemical imaging method, for in situ studies of crude oil has been based on the successful applications of this method to such samples as polymers (Koenig 1998; Gupper et al. 2002; Kazarian and Chan 2004; Gupper and Kazarian 2005; Nagle et al. 2010) , tablet dissolution and drug release (Kazarian and Chan 2003; van der Weerd et al. 2004; Kazarian and Ewing 2013) , biomaterials Chan 2006, 2013; Dehghani et al. 2008) and most relevantly, heatexchanger deposits (Tay and Kazarian 2009).
Considering the importance of asphaltene precipitation and deposition for various industries, it is of great interest to accumulate as much data as possible on the tendency of asphaltenes to precipitate from different crude oils. This information would lead to a general understanding of the correlation between the properties and stability of petroleum fluids. Here, the results of in situ chemical imaging studies on several crude oil samples of different geographical origins are presented. All samples were tested in terms of n-heptane-induced asphaltene precipitation. The characteristic time of precipitation was monitored and the observed amount of precipitate for each sample was qualitatively compared. Based on these two measured factors, a correlation between crude oil composition and asphaltene stability is proposed. Hence, this paper discusses the novel application of in situ chemical imaging to study asphaltene stability.
EXPERIMENTAL SECTION 2.1. Samples and Materials
The crude oil samples, originating from different locations, were kindly provided by BP. The samples were labelled as A, B, C, D and E. Table 1 shows the physical properties of crude oil samples, such as composition, American Petroleum Institute (API) gravity, total acid number. The samples of crude oil were analyzed with ATR-FTIR spectroscopy. n-Heptane (≥99.0% purity) was purchased from VWR International Ltd. (Lutterworth, Leicestershire, UK) and used without further purification.
ATR-FTIR Spectroscopy and Spectroscopic Imaging
ATR-FTIR spectroscopic imaging experiments were performed using an IFS 66/S continuousscan FTIR spectrometer (Bruker Optics, Germany) with a macrochamber extension and a focal plane array (FPA, 64 ¥ 64 pixels) detector. For each macro-ATR-FTIR imaging measurement, a diamond ATR accessory (Imaging Golden Gate; Specac, Slough, UK) was positioned and aligned in the macrochamber extension. This approach allows one to measure the sample area of 610 ¥ 530 μm 2 . Mid-FTIR spectra (64 scans, 1800-900 cm -1 region) were registered with a resolution of 8 cm -1 . The FPA multi-channel detector records individual mid-IR spectra at each pixel simultaneously. Then an image could be created using all obtained spectra. Firstly, the integrated absorbance of a particular band is determined for all spectra. A spectral band at 1650-1550 cm -1 can be used to create images for asphaltene deposits formed from crude oil (Gabrienko et al. 2014) . Secondly, the allocation of a false colour to each pixel depending on the value of integrated absorbance of the band and plotting the colour distribution gives a 2D chemical map of the measured area of the sample. Therefore, the colour scale represents the content of the target component of the sample at a particular location in the sample. Red and blue colours correspond to high and low absorbance, respectively, that is, to the high and low content of a particular chemical component.
The chemical imaging approach has proven to be a reliable tool for detecting trace materials present in different samples, including crude oil (Chan and Kazarian 2006; Ricci et al. 2007; Gabrienko et al. 2014) . This is due to the fact that an individual FPA detector can measure a spectrum of a particular localized component of the sample without the contribution of other materials present in the studied sample. The procedure of in situ imaging experiments has been described in detail previously (Gabrienko et al. 2014) . The custom-designed cell was used for crude oil dilution with n-heptane ( Figure 1 ). Crude oil sample (30 ml) was placed inside the cell on top of the diamond crystal for ATR-FTIR spectroscopic imaging analysis. Then 100 ml of n-heptane was added into the cell. Stirring of the mixture was not performed. The homogeneity of crude oil and n-heptane mixture was monitored with in situ spectroscopic imaging approach, which can easily detect heterogeneous distribution, if any, of particular components of crude oil or n-heptane.
The experiment on n-heptane-induced precipitation was repeated two or three times to validate the reproducibility of our results and to exclude the influence of possible contaminants as well as the effect of surface or other conditions on precipitation process. For each crude oil sample, the results were reproducible in terms of characteristic time of precipitation and chemical composition of detected precipitates. Figure 2 shows the ATR-FTIR spectra of the five studied samples of different crude oils. The spectra obtained reveal the following spectral bands, which can be assigned to particular constituents ( Figure  2 and Table 2 ). The bands at 1458-1456 and 1378-1376 cm -1 belong to stretching and bending modes of methyl and methylene groups, indicative of the presence of saturated and alkyl substituted hydrocarbons (Buenrostro-González et al. 2001; Orrego-Ruiz et al. 2011) . The broad bands at 1605-1600 cm -1 and the weak bands at 1345-1341 cm -1 (which were observed only for Samples B, 246 A.A. Gabrienko et al./Adsorption Science & Technology Vol. 32 No. 4 2014 The 1715, 1600, 1456, 1377, 1307, 1217, 1165, 1156, 1083, 1061, 1031, 966 B 1605, 1458, 1378, 1341, 1305, 1260, 1166, 1151, 1031, 965, 946 C 1606, 1458, 1378, 1344, 1305, 1276, 1257, 1165, 1156, 1068, 1033, 968 D 1603, 1462, 1376, 1344, 1308, 1165, 1065, 1073, 1031, 970, 942 E 1601, 1456, 1378, 1306, 1170, 1150, 1030, 970 Precipitate Wavenumber/cm -1
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A 1600, 1462, 1378, 1347, 1304, 1230, 1205, 1159, 1075, 1020, 1012 B 1612, 1462, 1378, 1340, 1304, 1234, 1074, 1033, 1015, 990, 963, 938 C 1600, 1462, 1411, 1377, 1346, 1305, 1234, 1138, 1081, 1035, 1014, 980, 951, 931 D 1600, 1460, 1408, 1377, 1346, 1305, 1210, 1123, 1100, 1063, 1038, 1023, 1009, 966 E 1590, 1461, 1378, 1344, 1305, 1200, 1142, 1111, 1071, 1057, 1037, 1023 C and D) and the bands at 1308-1305 cm -1 were assigned to the aromatic C=C stretching modes; the bands at 1170-1151 cm -1 were assigned to aromatic C-H in-plane bending modes (Allamandola et al. 1989) . All these bands point to the presence of a complex, for example, condensed and simple aromatic compounds in crude oil. For Sample A, the bands at 1715 cm -1 due to stretching modes of carbonyl C=O groups, the bands at 1217 and 1083 cm -1 due to stretching modes of C-O groups were observed (Orrego-Ruiz et al. 2011) . This may indicate the presence of esters in Sample A. The bands at 970-946 cm -1 were assigned to out-of-plane bending modes of =CR-H groups of alkenes. For Samples B and C, the bands at 1260 and 1257 cm -1 , respectively, were assigned to stretching modes of C-O groups of aromatic ethers (Ar-O-R). For all samples, the bands at 1073-1031 cm -1 were assigned to sulphoxide S=O groups (Staggs and Lyon 1995), although these bands could also have contribution from the bands of simple aromatics, such as toluene or benzene or nitrogen-containing species, such as pyrrole and pyridine (Klots et al. 1994) .
The stability of crude oil samples has been studied in situ using the ATR-FTIR spectroscopic imaging approach. For this purpose, n-heptane was added to oil samples in order to induce precipitation (equal heptane/oil volume ratio for each sample). Then, the dynamics of precipitate formation was monitored by analyzing the obtained chemical images. The ATR-FTIR spectroscopic imaging results are shown in Figure 3 . The images in Figure 3 were created by plotting the distribution of the integrated absorbance of the band at 1650-1550 cm -1 . This band represents the presence of asphaltenes in the measured area of the sample.
In the case of each sample, precipitate formation was observed after addition of n-heptane to crude oil (Figure 3 ). For the Samples C, E and A, the start of precipitation was detected within 10 minutes after addition of n-heptane. However, the extent and dynamics of precipitation and the characteristic time required for the precipitate to cover the surface of an ATR crystal are different. In the case of Samples D and B, precipitation started at 40 and 270 minutes, respectively, after dilution with n-heptane. Moreover, the amount of precipitate formed for the Sample B is relatively small. Thus, based on the precipitation starting time, the extent of precipitate formation and the amount of precipitate observed, it is possible to suggest the following sequence of crude oil stability: B > D > A > E > C, where Sample C is least stable.
Usually, the standard method based on crude oil titration with n-heptane is used to determine crude oil stability (ASTM 2005) . The main parameter used is the 'S' value, which is proportional to the minimum volume of n-heptane to be added to 1 g of oil to flocculate asphaltenes. A higher 'S' value points to a higher oil stability with respect to flocculation of asphaltenes.
In this study, another approach was used to test crude oil stability. Using ATR-FTIR spectroscopic imaging, the behaviour of various samples of pure crude oil in equivalent conditions was studied in terms of precipitation dynamics. As it follows from the described experimental procedure, there is no need to use any diluting agents compared with that for a standard method. This is important, as some additives, for example toluene, could have an effect on asphaltene stability Buckley 2001, 2003) .
For all samples tested, precipitates formed were chemically analyzed using ATR-FTIR spectra. Thus, several spectra were selected from the obtained imaging data set to identify the main components of observed precipitates (Figure 4 ). All selected spectra were compared with spectra representing crude oil constituents dissolved in n-heptane that were extracted from the corresponding imaging data sets. In some cases, selected spectra were subtracted from each other to remove undesired spectral bands of dissolved constituents and n-heptane for better detection of the spectral bands of the precipitate. The wavenumber values for the peak position of the spectral bands of the precipitate detected are listed in Table 2 . For example, the image presented in Figure 3 for crude oil A at 40 minutes after n-heptane addition shows the precipitate formed (red and yellow) and crude oil components dissolved in n-heptane (blue). Therefore, the selection of spectra from differently coloured areas of this image will provide the spectra of either precipitate or crude oil fractions dissolved in n-heptane. The comparison and subtraction of such spectra were carried out for all samples to study the chemical constituents of precipitate. It should also be noted that different constituents could have similar or close wavenumber values for some spectral bands. In such a case, spectral bands would overlap and would be identified as having the same wavenumber.
The spectra of all precipitates contain spectral bands at 1462-1460 and 1378-1377 cm -1 corresponding to the stretching and bending modes of methyl and methylene groups. In addition, other minor bands were also observed. For the precipitate formed from crude oil A, the bands at 1600, 1347, 1304, 1230 and 1159 cm -1 were assigned to condensed or complex aromatic hydrocarbons; the bands at 1230, 1205, 1075
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Crude and 1012 cm -1 were assigned to nitrogen-containing species, such as pyrrole or pyridine; the band at 1020 cm -1 was assigned to sulphoxide. In the case of precipitation from crude oil B, the bands at 1612, 1340, 1304 and 1234 cm -1 due to complex aromatics; the bands at 1234, 1074, 1015 and 990 cm -1 due to pyridine; the band at 1033 cm -1 due to sulphoxide; and the bands at 963 and 938 cm -1 due to alkene C-H groups were detected.
For crude oil C precipitate, the bands at 1600, 1346, 1305, 1234 and 1138 cm -1 were assigned to condensed aromatics. The bands at 1234, 1081, 1014 and 980 cm -1 were assigned to pyridine. The band at 1035 cm -1 was assigned to sulphoxide. For deposits precipitated from crude oil E, the bands at 1590, 1344, 1305 and 1142 cm -1 were assigned to complex aromatics. The bands at 1200, 1111, 1071 and 1009 cm -1 were assigned to pyridine. The minor bands at 1057, 1037 and 1023 cm -1 were assigned to sulphoxides. Therefore, the main components of precipitated species are complex aromatics, pyridine and sulphoxide. Some minor constituents could be presented by pyrrole, alkenes and thiophene. This shows that n-heptane induces asphaltene precipitation from crude oil samples.
The observed difference in wavenumber values for the positions of spectral bands from particular functional groups could be explained in terms of various possible structures of asphaltenes or by the influence of the degree of asphaltene aggregation and interaction. No significant difference was observed in the chemical composition of deposits for different samples of crude oil. Asphaltenes are the main components of deposits at all stages of the precipitation process. However, the samples of crude oil are different in terms of precipitation starting time and the overall amount of deposits formed.
DISCUSSION
In this work, several crude oil samples were studied with ATR-FTIR spectroscopy. First of all, the chemical composition of the samples was analyzed. The current samples of crude oil mainly consist of hydrocarbons, paraffins, olefins, simple and complex aromatics. The minor components are presented by sulphoxides and pyrrole, pyridine species. No significant difference was observed apart from the presence of esters in crude oil A and aromatic ethers in crude oils B and C. The total sulphur content in crude oil samples (Table 1) seems to correlate with asphaltene concentration. Therefore, one could suppose that the presence of sulphur in these samples of crude oil is mainly due to the presence of asphaltene molecules, that is, in the form of sulphoxides, disulphides and thiophenes (Artok et al. 1999; Acevedo et al. 2007; Pomerantz et al. 2013) . ATR-FTIR data point to sulphoxide as the dominant sulphur species. By contrast, there is no direct dependency between total nitrogen and asphaltene content. Crude oil C has the lowest content of aromatics (Table 1) and that is in the line with ATR-FTIR spectroscopic observation. Indeed, the spectrum of crude oil C shows the lowest absorbance for the band at approximately 1600 cm -1 , which is assigned to the aromatic C = C stretching modes. Thus, ATR-FTIR spectroscopic analysis of the samples is consistent with crude oil composition obtained with other methods.
To study the stability of crude oil samples, the approach involving n-heptane-induced precipitation monitored with chemical imaging was applied. Using selected ATR-FTIR spectra, it was observed that n-heptane induces the precipitation of asphaltenes in all samples ( Figure 4 and Table 2 ). This is an expected result as asphaltenes are n-heptane insoluble fraction of crude oil (Mitchell and Speight 1984) . The chemical composition of asphaltenes observed for all samples are similar. The main component is condensed aromatic structures with nitrogen-and sulphur-containing species, such as pyridine and sulphoxide, respectively. The different wavenumber values related to the spectral bands of the same chemical species point to the possible variation in the structure of asphaltene molecules and ratio between various components. The dynamics of asphaltene precipitation was different for studied samples. As it has been already discussed earlier, the following sequence of crude oil stability could be proposed: B > D > A > E > C.
To emphasize, for the first time, in situ ATR-FTIR spectroscopic imaging approach has been applied to probe crude oil stability. It should be mentioned that the probing depth of ATR-FTIR spectroscopy with the ATR accessory used ranges from a few to several micrometers, depending on the wavenumber, thus analyzing a rather thin layer of the sample adjacent to the measuring surface of diamond crystal. However, this approach measures the precipitate formed in the bulk of the sample after it sinks to the diamond surface. Therefore, the main advantage of ATR-FTIR imaging approach is the possibility to monitor and chemically analyze the precipitation from crude oil in situ.
The viscosity of crude oil can have an effect on asphaltene behaviour, for example, on the onset of asphaltene precipitation. To minimize this, small volumes of crude oil were used for our experiments. Based on chemical imaging data, it can be concluded that n-heptane and crude oils homogeneously mix within few minutes inside the cell. Therefore, in terms of the experimental conditions used, the possibility of viscosity influence can be excluded.
Based on the obtained data, several suggestions about the correlation between stability of crude oil and composition could be deduced. There is a certain tendency for crude oil with less asphaltene content to be more stable, but with one exception. Indeed, for the line of crude oil Samples B, D, A, E, crude oil with lower asphaltene content has the higher stability. However, the sample of crude oil C having the lowest asphaltene content is the least stable. This crude oil (API gravity: 39.5) can be attributed to light crude oil type as well as crude oil B (API gravity: 32.1). Light crude oils might have propensity for asphaltene precipitation. This fact is usually explained by the poor asphaltene solubility in saturated hydrocarbons, which are the abundant fraction of light crude oils. By contrast, heavy crude oils contain large amounts of different components (aromatics and other chemicals) in which asphaltenes are soluble. However, similar to crude oil C, crude oil B is also attributed to light type, but it has the highest stability even comparing with heavy oils E, A, D (API gravity: 21.5, 19.6, 19.4, respectively) . Moreover, for crude oil B, the content of saturates is higher, whereas the content of aromatics is lower than that for crude oils E, A and D. Therefore, there is a question about possible explanation for the observation of different stabilities for light and heavy crude oils.
This phenomenon should be explained not in terms of the content of the particular fraction, but based on overall crude oil composition and ratio between different components. Thus, the sample of crude oil C, which is the most unstable one despite having the lowest asphaltene content, contains relatively little amounts of aromatics among other samples, but is enriched with saturates and naphthenes. By contrast, the sample of crude oil B (the most stable among studied samples) contains higher amounts of asphaltenes and aromatics and lower amounts of saturates and naphthenes. However, the content of aromatics and asphaltenes in the samples of heavy crude oils E, A, D is higher compared with that of Sample B. Therefore, it is not just the content of aromatics that is important for the crude oil stability. As mentioned earlier, the stability of crude oils decreases with the increase in asphaltene content. However, a comparison of Samples D and B shows that the crude oil stability does not exclusively depend on the content of asphaltenes and aromatics. Indeed, having the higher amounts of aromatics to dissolve asphaltenes, crude oil D is less stable than crude oil B. Probably this could be attributed to the presence of significantly higher amount of naphthenes in crude oil B. Indeed, the content of naphthenes is approximately two times higher in crude oils E, A, D compared with that for the Sample B. Hence, one could notice a tendency that the higher the content of naphthenes, the lower the stability of crude oil.
The wax content seems to have no correlation with crude oil stability. However, the influence of this factor also could not be excluded. There are a number of studies showing that addition of wax increases the solubility of the extracted asphaltene; however, this increase is noted only for low asphaltene concentrations (Carmen García and Carbognani 2001; Kriz and Andersen 2005) .
The resins are also an important component of crude oil, but their effect on crude oil stability has not been studied in this paper. The concept of resins stabilizing asphaltenes (the colloidal model of crude oil) has been generally accepted in the literature for a long time. However, it is well established that asphaltenes probably are not dispersed in resin-coated micelles. Thus, the Yen-Mullins model can be used to describe and predict asphaltene properties and aggregation behaviour in crude oil samples (Mullins 2010 (Mullins , 2011 Mullins et al. 2012) . Nevertheless, the possible influence of resins on asphaltene stability will be examined with in situ chemical imaging approach in our future studies.
In situ ATR-FTIR spectroscopic imaging, as demonstrated in this paper, can beneficially be used to gain a better understanding of crude oil fouling and related processes.
CONCLUSION
In summary, the samples of crude oil have been carefully analyzed with the aim of finding out a possible correlation between their physical properties and asphaltene stability. For this purpose, n-heptane has been used as flocculation agent to destabilize asphaltenes, while the chemical imaging approach has been applied to observe the dynamics of asphaltene precipitation in situ. Based on the stability sequence proposed for the studied samples, the following tendencies could be proposed for crude oils having various physical properties.
In the line of heavy crude oils having similar contents of aromatics and saturates, the stability increases with the decrease of asphaltene content. Light crude oil with relatively low asphaltene content can be less stable than heavy crude oil with higher asphaltene content due to the possible influence of other fractions. Thus, low aromatics and high saturates content in crude oil results in lower stability of asphaltenes. The same correlation is applicable for the comparison of light crude oils.
By contrast, light crude oil can be more stable than heavy crude oil with lower saturates and higher aromatics content. In such a case, the fraction of naphthenes probably plays the crucial role. The crude oils with abundant naphthenes show the lower stability than that for crude oil with similar asphaltenes and higher aromatics content. Therefore, when considering the relative asphaltene stability for various petroleum fluids, one should take into account their overall composition.
It should be noted, however, that only five samples have been studied here. For better and deeper understanding of the possible connections between crude oil composition and stability, broader range of various crude oils or petroleum fluids should be analyzed. It has been demonstrated that the in situ chemical imaging approach can be used to obtain valuable information for further insight into this issue.
Changes in the local environment result in either an increase or a decrease of asphaltene molecule solubility in crude oil. To predict and control crude oil stability and asphaltene solubility under certain conditions, a further fundamental investigation is required. Thus, the local rheological properties of crude oils, molecular dynamics of asphaltenes in different surroundings and intermolecular interactions between asphaltenes and their local environment need to be studied.
